ABSTRACT Nymphs of Leptocorisa chinensis Dallas were reared on seed heads of various plant species to investigate this bugÕs host range. Hatched nymphs were released onto gramineous and nongramineous species. Twenty-four hours after release, the percentage of nymphs that had settled on the plants varied from Ͼ90% in all but one gramineous species to 50% or less in the nongramineous species. It is therefore considered that nymphs can discern gramineous plants from nongramineous plants. Nymphs were reared until adult emergence, and the survivors were counted. Nymphs that had been reared on Oryza sativa L. (rice), Digitaria ciliaris (Retz.) Koeler, Poa annua L., or some other gramineous species were able to grow to adulthood, whereas nymphs that had been reared on some other gramineous species such as Eleusine indica (L.) Gaertn., Paspalum dilatatum Poir., Elymus racemifer (Steud.) Tzvelev, Bromus catharticus Vahl, or nongramineous species were not able to grow to adulthood. Results indicate that suitable plant species for the development of nymphs are restricted to a fraction of all gramineous species. Among food gramineous plants, summer plant species that bear seeds in reproductive season of L. chinensis retained high survival rates in young instars compared with spring plant species.
Because phytophagous heteropterans are often important pests of various crops, the host plant range of them has been investigated extensively (for reviews, see Slater 1976 , Schaefer and Mitchell 1983 , Young 1986 , Panizzi 1997 , Schaefer and Panizzi 2000 , Wheeler 2001 ). In addition to the polyphagous species that feed on many different plant families (Kehat and Wyndham 1972 , Young 1986 , Panizzi 1997 , many oligophagous species have a host plant range that is restricted, usually to one or a few plant families (Slater 1976 , Schaefer and Mitchell 1983 , Ito 1989 , Bonjour and Fargo 1989 . Various mechanisms restrict the host range of phytophagous insects to within a few plant species or a few families. Chemical or physical factors in plants affect the behavior or growth of insects; alternatively, ecological factors such as phenological differences between insects and plants might effect a restricted host range of insects (Fox and Morrow 1981 , Berenbaum 1990 , Bernays and Chapman 1994 , Schoonhoven et al. 2005 .
Leptocorisa chinensis Dallas (Hemiptera: Alydidae) is an important agricultural pest in Japan. It attacks panicles of rice, Oryza sativa L., and it causes abortive grains or stained grains (Iwata and Yoshihara 1976 , Dale 1994 , Hayashi 1997 . Species in the Gramineae (Poaceae) plant family are reportedly their host plants (Babaguchi et al. 1973 , Kawasawa et al. 1974 , Nagai and Nonaka 1976 . Takeuchi et al. (2005) studied the seasonal occurrence of L. chinensis in Tsukuba (central Japan). Adults overwinter on conifer trees until midJune. Then, bugs of the overwintered generation migrate to wild and cultivated gramineous Þelds in midJune to early July, feed on gramineous seeds, and females start oviposition. First generation adults emerge in early August to mid-August; second generation adults usually emerge after mid-September.
Despite Nagai and Nonaka (1976) reared L. chinensis on various plant species and reported that survival rates of nymphs differed among gramineous species, but they did not describe the phenological relationship between bugs and plant species.
Knowledge of the host rangeÕs breadth and the mechanisms restricting the host range is important for monitoring bug occurrence and controlling this pest through weed management. For this study, we reared newly hatched nymphs on spring gramineous plants, summer gramineous plants, and nongramineous plants as food. The percentage of settlement of nymphs on each plant was measured in addition to nymphal survivorship and duration on each plant. Restrictive factors and mechanisms determining the host range of L. chinensis nymphs are discussed.
Materials and Methods
Insects. The rice bugs L. chinensis were collected on gramineous Þelds at the National Agricultural Research Center, Tsukuba, Japan (36Њ 01Ј N, 140Њ 06Ј E) and reared under laboratory conditions: 16:8 (L:D) h and 25ЊC. Water and rice panicles were provided as food. Rice panicles were cropped at the milk ripening stage (the grain contains a white liquid in this stage) and dough ripening stage (the milky endosperm becomes doughy in this stage) and stored at temperatures below Ϫ30ЊC until use. Collected eggs were placed in petri dishes; newly hatched nymphs were obtained every morning and used for experiments.
Plant Species. Plant species used for experiments ( Fig. 1) were common species around paddy Þelds or weed Þelds, which are the habitat of L. chinensis. The seasonal occurrence of these seed-bearing plants was recorded. Plants bearing mature seeds were collected from Þelds for use in experiments.
Rearing Experiments. Newly hatched nymphs were used within 24 h for experiments. They were reared in plastic containers (13 cm in diameter by 18 cm in height) with the seed head of one plant species and water. In each container, 15 nymphs were released. All nymphs were put on plant seed heads using a tiny paintbrush. Three and 24 h after their release, the nymphs on the plants were counted. The numbers of survivors and molted individuals were thereafter recorded daily. Plants were replaced every 3 d. Experiments continued until all nymphs molted to adulthood or died. The mean percentages of nymphs that entered each stadium and mean duration from hatch to adult emergence were calculated. Four replications were done for each plant species. All experiments were carried out at 16:8 (L:D) h and 25ЊC.
Statistical Analysis. Percentages of settlement and adult emergence were analyzed after arcsine transformation. For analyzing effects of plant species within Gramineae species, one-way analysis of variance was used, with pairwise comparisons conducted using the Tukey honestly signiÞcant difference test. For comparing the percentage of settlement at 3 versus 24 h, a paired t-test was used. Mean survivorship rates per stadium [number of nymphs of (n ϩ 1) stadium/number of nymphs of n stadium; here, the adult eclosion is regarded as the sixth stadium] were calculated for plant species on which nymphs were able to grow to adults. Nominal logistic regression analysis was used to analyze the survivorship rates of nymphs for spring hosts versus summer hosts. The dependent variable was survival. The independent variables were the plant season (spring or summer) and stadium of nymphs. Statistical analyses were done using JMP 5.0.1 (SAS Institute 2002).
Results

Seasonal Occurrence of Plant Species Used in Ex-
periments. Fig. 1 shows a diagram of the seasonal occurrence of each plant species we observed in Tsukuba, along with the occurrence of L. chinensis Settling of Nymphs on Each Plant Species. Table 1 shows the percentage of nymphs settled on each plant species at 3 and 24 h after the release of nymphs. All nymphs were on the plant surface at the starting time of the experiment; some nymphs had left the plant 3 h later and walked around the inside surface of the rearing container. For gramineous plant species, percentages of nymphs settled on the plant were significantly different among plant species after 3 h (F ϭ 2.53; df ϭ 10, 33; P Ͻ 0.05) and 24 h (F ϭ 4.43; df ϭ 10, 33; P Ͻ 0.001) from release. The percentage of settled nymphs on Bromus catharticus Vahl (Gramineae) was lower (66.7%) than that of the other gramineous plants. On gramineous species aside from B. catharticus, Ͼ90% of the nymphs remained on plants at 24 h after release; many were sucking spikelets. For nongramineous plant species, 50% or fewer nymphs settled on plant surfaces. The percentages of settled nymphs differed signiÞcantly between 3 and 24 h on nongramineous plants (t ϭ 3.42, df ϭ 11, P Ͻ 0.01), although they did not differ on gramineous plants (t ϭ 1.62; df ϭ 43; P Ͼ 0.05). Mortality at 24 h after release was low (Ͻ5%) for all plant species (Table 1) .
Survival and Duration of Nymphal Stage. Table 2 shows the survival of nymphs of each stadium for each plant species. On the nongramineous species all individuals died within the Þrst stadia. In gramineous species, no Þrst instars survived on B. catharticus. On Eleusine indica (L.) Gaertn., only 6.7% of nymphs were able to enter to the second stadium: all died in the second stadium. About half of the Þrst instars on E. racemifer entered the second stadium, but most died within the second stadium. In Paspalum dilatatum Poir., mortality was low before nymphs reached the fourth stadium; however, only 1.7% were able to molt to adulthood. Nymphs were able to grow to adulthood on gramineous plants such as O. sativa, P. annua, L. multiflorum, D. glomerata, Setaria viridis (L.) P. Beauv., Digitaria ciliaris (Retz.) Koeler, and Echinochloa crus-galli (L.) P. Beauv. The nymphal survivorship differed signiÞcantly among tested gramineous species (F ϭ 15.62; df ϭ 10, 33; P Ͻ 0.0001). Nymphal survivorship on O. sativa was highest: 93% of Þrst instars were able to grow to adulthood. No bias was found in the sex ratio of adult emergence on any plant species (P Ͼ 0.05; data not shown, binomial test).
Gramineous plants on which nymphs were able to grow to adults were grouped into spring plants and summer plants based on maturation of the panicle relative to reproductive season of L. chinensis shown in Fig. 1 Figure  2 shows survival rates per stadium of nymphs on spring plants and summer plants. The summer plants retained a high survival rate through young instars (until the fourth stadium) compared with spring plants. The survival rate decreased in the Þfth stadium for both spring and summer plants (Fig. 2) . The survival rates differed signiÞcantly between spring and summer plants (nominal logistic regression, Wald 2 1 ϭ 8.80, P Ͻ 0.005; overall model: Ϫlog(likelihood ratio) ϭ 91.6, 2 9 ϭ 183.2, P Ͻ 0.0001). The duration of the nymphal stage was signiÞcantly different (F ϭ 114.4; df ϭ 6, 219; P Ͻ 0.001) among plant species (Table 3 ). The nymphal duration on O. sativa was the shortest among tested plant species. Nymphal duration on E. crus-galli, S. viridis, and P. annua was Ͻ21 d. The nymphal duration on L. multiflorum was 28.0 d. On P. dilatatum, only one nymph survived until adulthood, and nymphal duration was the longest of any host tested (34 d).
. Spring plants included P. annua, L. multiflorum, and D. glomerata, and summer plants included S. viridis, D. ciliaris, E. crus-galli, and O. sativa).
Discussion
Our results show that L. chinensis nymphs were able to grow to adulthood on some gramineous species, including O. sativa, S. viridis, and P. annua, E. crusgalli, D. ciliaris, D. glomerata, and L. multiflorum, whereas nymphs were not able to grow to adulthood on other gramineous species, including E. indica, B. catharticus, P. dilatatum, E. racemifer, and the nongramineous species examined. These results are consistent with those of Nagai and Nonaka (1976) , which described O. sativa, S. viridis, E. crus-galli, and D. ciliaris as suitable hosts and E. indica as an unsuitable host for L. chinensis. In our study, we also examined the settlement of nymphs on each plant. Moreover, we studied the settlement rate in combination with plant group (Gramineae and non-Gramineae), and survival rate with phenological aspect (spring Gramineae and summer Gramineae). In addition, P. annua and D. glomerata were conÞrmed as a food plant of L. chinensis from this study. Among suitable plants, O. sativa is the most preferred food in view of the high survival rate and short developmental duration. Occurrence of food gramineous plants does not correspond wholly with occurrence of L. chinensis in the Þeld. That is, various suitable foods such as P. annua are present in April, although migration of overwintered L. chinensis and the increase of progeny in gramineous Þelds do not occur until July (Takeuchi et al. 2005) . Suitable and unsuitable food plants are available in both spring and summer. Therefore, with respect to summer plants, the major factor that restricts the host range of L. chinensis is the problem of suitability. For spring plants, the problem of phenological availability is more prevalent than the problem of suitability, but this is not because all spring plants are unsuitable as food of L. chinensis.
However, a difference was apparent between the respective mortalities of nymphs feeding on spring and summer plants. The survival rate of young instars was lower in spring plants than summer plants. This agrees with nymphs on spring plants dying gradually over insect age, although summer plants support a high survival rate of nymphs of young instars. It is possible that spring plants are suitable food for nymphs, but they are of lower nutritional quality than summer plants.
Some different food plant utilization strategies are related to plant phenology in phytophagous heteropterans. For example, for Aelia fieberi Scott (Pentatomidae), the host range is restricted to a few Gramineae (Nakamura and Numata 1997) . A rearing experiment revealed that A. fieberi was able to survive only on spring plant species, but all died on summer plants, which bear seeds after August. The critical daylength for reproductive diapause in a laboratory condition was 14.5 h, which corresponds to the daylength of early August. Therefore, the bug usually enters diapause before deÞciency of suitable foods would occur (Nakamura and Numata 1997) . Cletus punctiger Dallas (Coreidae) feed on the Gramineae and Polygonaceae. The overwintered C. punctiger adults migrate to weed Þelds in spring; in mid-April to early May, they feed on various spring plants to accumulate lipids until more suitable food plants become available. Subsequently, ovarian maturation occurs in late June when summer gramineous plants become available (Ito 1985 (Ito , 1989 Takeuchi et al. 2005) .
Field observations show that L. chinensis does not use spring hosts as food plants, but it stays at overwintering sites until the appropriate summer plants emerge in late June (Takeuchi et al. 2005) , which is a different strategy from that of C. punctiger (Ito 1989) . Moreover, the occurrence of L. chinensis does not synchronize to the suitable food plant, unlike A. fieberi. Ovarian development of overwintered females does not occur without sufÞcient food and temperature (Tachibana and Watanabe 2007) . Therefore, it is speculated that food requirements are already satisÞed but that temperature remains a restrictive factor during the spring season.
High mortality during the Þfth instars was observed on many plant species on which nymphs were able to grow to adulthood (Table 2; Fig. 2 ). Only O. sativa was an exceptional plant that supports the high survival rate of the Þfth instars. In addition, food plant species aside from O. sativa and E. crus-galli were inferior in terms of nymphal duration. It is probable that summer plants are suitable foods for young instars but deÞcient for late instars in terms of nutrition (except O. sativa). Tachibana and Watanabe (2006) reported that L. chinensis nymphal growth was improved when the nymphs were reared with rice spikelets and millet seeds (Setaria italica P. Beauv.) together compared with growth afforded by consumption of only one of the two diets. It is considered that more than one kind of different food plant is necessary for the normal growth of late instars.
From a study of the life history of L. chinensis by Hasegawa et al. (1976) , L. chinensis oviposit on gramineous plants and the hatched nymphs stay in the gramineous Þeld from the Þrst stadium. Therefore, the oviposition preference of L. chinensis among various gramineous plant species is to be considered in future studies. In addition, the potential dispersal ability and active migration of nymphs can be studied because such information will be related to the importance of gramineous weeds and the potential for invasion of rice Þelds; rice was conÞrmed as the most suitable food plant for nymphs (especially in the last stadium).
According to the combination of settlement and survival of nymphs on different plant species, plants could be categorized into the following three patterns: 1) nymphs settled in high percentage, and they were able to grow to adulthood on the plant; 2) nymphs settled in high percentage, but they were not able to grow to adulthood on the plant; and 3) nymphs settled in low percentage, and they were not able to grow to adulthood on the plant.
Plants in category 1 included only some of the gramineous species tested. These suitable hosts were divided into subcategories by plant season. Summer plants included S. viridis, D. ciliaris, E. crus-galli, and O. sativa , which are considered very suitable food at least until the last stadium. Gramineous weed species in this category (S. viridis, D. ciliaris, and E. crus-galli) are important when they grow in colonies around paddy Þelds. Spring plants included P. annua, L. multiflorum, and D. glomerata, but these are considered less suitable than summer plants because survival rate of young instars were lower compared with summer hosts.
Plants in category 2 included other gramineous plants such as E. indica, E. racemifer, and P. dilatatum, on which Þrst instars settled in high percentage. However, no or few nymphs were able to grow to adulthood on these plants. Almost no nymphs were able to grow to the third instar on E. indica and E. racemifer. On P. dilatatum, nymphs seemed to grow healthy until they reached the fourth instar, but almost all died during the fourth stadium. These plants might not contain sufÞcient nutrients for nymphal development; alternatively, they have noxious substances against nymphal growth. It is possible, however, that the plant species in this category can affect the population dynamics of L. chinensis if many of these plants grow around paddy Þelds.
For plants in category 3, the percentage of settlements of nymphs on nongramineous plants declined markedly over time (Table 1) . The percentage of settlement on gramineous B. catharticus was low in comparison with other gramineous plants. No nymphs reached the second stadium. The low settling rate resulted in an inability to survive on these plants. Therefore, although both plants in categories 2 and 3 are nonhost plants, they are different types of nonhosts in terms of the percentage of settlement of nymphs.
Many nymphs that were stationary on a plant fed frequently at 3 and 24 h after their release. In examples of other phytophagous insects, plant surface chemicals affect the time spent on behaviors such as feeding, walking, and resting on the plant. Consequently, insects either accept the host plant or leave unsuitable plants (Eigenbrode et al. 1991 , Renard et al. 1998 , Powell et al. 1999 ). In L. chinensis, existence of a chemical factor in rice panicles that stimulates feeding behavior of nymphs was reported previously (Ishizaki et al. 2007) . It is possible that chemical factors eliciting feeding behavior also exist in other gramineous plants, and these factors might explain our observed differences in percentages of settled nymphs on gramineous and nongramineous plant species. The involvement of such chemical factors and the mechanisms determining the host range of L. chinensis shall be topics of future studies.
